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The surface optical properties of GaAs on GaP-strained layers have been analyzed in situ by chemical
modulation spectroscopy. A clear surface-related optical transition has been identified, and the effect of strain
on this transition has been studied, showing a blueshift of 30 meV even for epitaxies as thin as 1 ML of GaAs
deposited on top of GaP. This small shift is consistent with a transition between dimer states and dangling-
bond states of the Ga-Ga dimers. @S0163-1829~98!07439-6#Strain plays a major role in the growth mode of epitaxial
films. In systems with a lattice mismatch between substrate
and epitaxy, a layer-by-layer growth can only be obtained
when the thickness of the overlayer is lower than a critical
value. In this regime the strain developed in the overlayer
can be very high.1,2 As a consequence, the surface electronic
structure of the overlayer, and therefore the surface optical
properties, may depend strongly on the lattice mismatch with
the substrate. There have been some reports about the surface
optical properties of strained epitaxial III-V compounds like
InAs on GaAs.3,4 In these systems, a different surface recon-
struction for the strained and nonstrained material was ob-
served by reflection high-energy electron-diffraction
~RHEED!. Due to the strong relationship between reflectance
difference spectra and surface reconstruction,5 the changes in
the spectra could not be unambiguously related to the strain
in the overlayer. Moreover, the spatial localization of the
electronic states involved in the surface reflectance spectra is
still under debate. Features related to transitions between sur-
facelike states are now interpreted as transitions between
bulklike modified states.6–8 In order to identify these elec-
tronic transitions, the effect of introducing strain intention-
ally in the overlayer can help to distinguish between them,
since the strain should affect the bulklike or surfacelike
states in different ways.
In this Brief Report, we analyze the effect of the strain on
the surface optical properties of GaAs. The strain is intro-
duced in the GaAs layers by depositing several ML of GaAs
on top of GaP using molecular-beam epitaxy ~MBE!. The
lattice mismatch between these compounds is around 3.6%.
Recent studies have shown that the critical thickness for dis-
location formation is of the order of 6 ML.9 Therefore, sev-
eral monolayers of GaAs can be grown on top of GaP with-
out strain relaxation. To analyze the effect of the strain, we
have studied the changes in the reflectance spectra observed
after deposition of 1–3 ML of GaAs on top of GaP. To
monitor the surface optical properties, we have used the
chemical modulation spectroscopy technique ~CMS!.10 This
technique is based on the changing in the coverage of the last
atomic layer, which induces a change in the intensity of the
light reflected by the material (DR/R), that is recorded. The
change in the chemistry of the surface is achieved by short
pulses ~during a time t p) of a group-V molecular beam, using
fast-acting, valved effusion cells for the group-V precursorsPRB 580163-1829/98/58~15!/9659~3!/$15.00inside the MBE reactor. If the temperature Ts of the mea-
sured compound is sufficiently high ~which is typically in the
450–580 °C range, depending on the compound! the deposi-
tion of a layer of group-V atoms is followed by its posterior
desorption once the group-V cell is closed, during a time td .
This modification of the surface chemistry produces a varia-
tion in the intensity of the reflected light, which is focused
onto the substrate at near-normal incidence, passes through a
polarizer, and is collected by a photodiode placed at the exit
slit of a monochromator. The strongest changes in the inten-
sity of the reflected light are observed when the light is col-
lected linearly polarized along the direction parallel to the
group-III dimers—typically @110#—whereas for the perpen-
dicular direction the changes are much lower. The normal-
ized change in the intensity is then plotted for each wave-
length to obtain the spectrum of the compound ~1–3 eV!.
The change in the surface structure is monitored by RHEED
through reconstruction.
In Fig. 1~a!, we show the CMS spectrum of the GaP sur-
face for light polarized parallel to the @110# direction. In this
case ;1-mm GaP layer was grown on a ~001! GaP substrate.
Atomic layer molecular beam epitaxy was used in the last 50
FIG. 1. CMS spectra of the different ~001!-oriented layers mea-
sured for light polarized parallel to the @110# direction: ~a! GaP on
a GaP substrate, ~b! GaAs deposited on a GaAs substrate, and ~c! 1
ML of GaAs deposited on a GaP substrate. Lines show the fittings
obtained using the A and B coefficients from Fig. 2, and the varia-
tions of the surface dielectric constants shown in Fig. 3.9659 © 1998 The American Physical Society
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spectrum of this surface was obtained using a phosphorous
beam (P2) as the group-V element producing the chemical
modulation on the surface. After closing the P2 cell @ tp
50.2 s, xBEP~P2!53310
26 mb ~where BEP denotes beam
equivalent pressure!# the change from a 232 (P2-rich sur-
face! to a 234 ~Ga-rich surface! reconstruction takes about
td52.5 s with a substrate temperature of Ts5596 °C. Figure
1~b! shows the CMS spectrum of the GaAs surface @;1-mm
GaAs grown on a GaAs ~001! substrate# for light analyzed
along the @110# direction, parallel to the Ga dimers. In this
case, the chemical modulation of the surface is achieved by
pulsing the As2 beam, using similar BEP and adsorption and
desorption times t p and td , and with a substrate temperature
of Ts5556 °C. The observed reconstruction patterns are
now 234 ~As-rich! and 432 ~Ga-rich! surfaces. Using a-
three layer model ~vacuum, surface layer and bulk!,12 the
changes in the reflectance can be related to the changes in the
surface dielectric constant through the expression
DR/R5~R III2RV!/R III5~28pd/l!~AD«surf
i 1BD«surf
r !,
~1!
where D«surf
r and D«surf
i are the changes in the real and
imaginary part of the surface dielectric constant «surf , pro-
duced by the change in the coverage of the surface, and they
are defined by
D«surf
r 5«surf III
r 2«surf V
r
, ~2!
D«surf
i 5«surf III
i 2«surf V
i
. ~3!
d is the thickness of the surface layer. The coefficients A and
B depend on the bulk properties of GaAs and GaP, and they
are plotted in Fig. 2 for the 1–3-eV range. These A and B
coefficients have been calculated using the measured dielec-
tric constants of GaAs ~Ref. 13! and GaP.14 As shown, the
changes in the reflectivity are mainly determined by the
changes in the imaginary part of the surface dielectric con-
stant. In Fig. 3 we show the variation with the energy of the
FIG. 2. A and B coefficients for GaAs and GaP in the measured
range of energies, taken from Refs. 13 and 14. imaginary part of the surface dielectric constants, D«surf
i
, for
GaP—line ~a!—and GaAs—line ~b!—based on fitting to the
experimental spectra of Figs. 1~a! and 1~b! respectively, and
multiplied by the thickness of the layer, d. A well-defined
peak, clearly located at a different energy ~2.18 eV for GaP
and 1.77 eV for GaAs! is observed for each compound. To
analyze the effect of the strain on the GaAs spectrum, we
have measured the CMS spectrum after the deposition of one
atomic monolayer of GaAs on top of GaP. The modulation
of the surface coverage of this GaAs monolayer is achieved
by pulsing the As2 beam, with td , t p , and BEP parameters
similar to those for the measurement of GaAs on GaAs, and
at the same substrate temperature Ts5570 °C. During the
measurement, RHEED showed the same reconstruction pat-
terns than in the measurement of GaAs on GaAs. The result
is shown in Fig. 1~c!. The CMS spectrum of 1 ML of GaAs
on GaP presents a well-defined peak at an energy similar to
the GaAs-on-GaAs peak. The intensity of the peak is higher
than in the GaAs-on-GaAs measurement, mainly due to the
different values of the A and B parameters for the respective
substrate layers GaAs and GaP. We have obtained the same
CMS spectrum for a GaAs coverage up to 3 ML. At a higher
amount of deposited GaAs, we have observed a change in
the RHEED pattern, which becomes slightly spotty, indicat-
ing a two- to three-dimensional change in the surface struc-
ture. For coverage higher than 3 ML, the intensity of the
spectrum decreases strongly. This effect can be due to the
formation of GaAs facets oriented so that Ga dimers might
not form.15 Figure 3~c! shows the variation of the imaginary
part of the dielectric constant for GaAs on GaP vs energy,
obtained from the fitting to the experimental spectrum. There
is a striking similarity between the positions and shapes of
the imaginary part of the dielectric constant for GaAs depos-
ited on GaP and GaAs deposited on GaAs.
Two main conclusions can be drawn: the changes ob-
served in the surface dielectric constant are mainly due to
transitions related to electronic states strongly localized in
the very first surface layers, i.e., surface-like states. The sec-
ond conclusion is that, despite the fact that there is a high
lattice mismatch of 3.6% between GaAs and GaP, the energy
position of the transition observed is not very significantly
FIG. 3. Variation of the imaginary part of the surface dielectric
constant in the @110# direction with the energy, obtained from the
fitting to the experimental spectra of Fig. 1. ~a! GaP. ~b! GaAs on
GaAs. ~c! 1 ML of GaAs on GaP.
PRB 58 9661BRIEF REPORTSaffected by the strain—it shifts 30 meV toward higher
energies—much less than what is observed in bulklike tran-
sitions. For example, the E1 transition, which is located in
the energy range studied here, shifts 99 meV for an in-plane
strain of 3.6%. Due to the strong spatial localization of the
electronic states involved in the transition, the surface dimer
can be simulated as two Ga atoms bounded to four As atoms
localized in a lower plane, and using a simple tight-binding
model the effect of the strain can be estimated. From the
results of Ref. 1, we can consider that the GaAs overlayer
suffers an in-plane compression of 3.6%, and assuming that
the distances and bond angles are modified by the strain
according to the elastic theory,1 a 3.6% in-plane compression
in the As2vGa–GavAs2 molecule produces a shift of the
dimer–dangling-bond transition of 20 meV. We have used
the tight-binding parameters of Ref. 16 for Ga and As, and
the Ga-As and Ga-Ga interactions, and Ref. 17 for the As-As
interaction parameters. We have scaled those interactions
and the strain-induced changes in the parameters according
to the scaling laws of Refs. 16 and 18, that give a very gooddescription of the deformation potentials of III-V com-
pounds. This calculated shift is similar to the experimentally
found @30 meV, obtained from the fittings showed in Figs.
3~a! and 3~c!#. Our results support the idea from Aspnes and
co-workers6,19 that the peak observed in the imaginary part
of the GaAs surface dielectric constant is associated with a
Ga dimer-related transition involving dimer states and
dangling-bond states. This group-III dimer transition is likely
responsible for the peaks found in other III-V
compounds.20,21 In conclusion, we have shown that surface
Ga dimer produces an optical transition, with a strong local-
ization in the first atomic layer. The dependence of this tran-
sition on the strain is much lower than the dependence ob-
served in bulklike transitions occurring in the energy range
measured. The observed small shift to higher-energy values
is also consistent with a transition occurring between dimer
and dangling-bond states of the Ga dimers.
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